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metal anode is deposited by a resistive thermal evaporation method since lithium metal 

has a low melting point of 180.5oC [21]. However, because lithium metal is highly 

reactive in air (especially humid air), it should be handled in a dry, inert gas atmosphere 

(argon or nitrogen) in order to avoid possible environmental contamination. For this 

reason, a resistive thermal evaporator is usually built in a glove box. After the glove box 

is filled with either argon or nitrogen, the lithium anode can be carefully handled without 

any environmental contamination. As shown in Figure 2.3, the rechargeable thin-film 

lithium battery has a multi-layer structure with a total thickness typically less than 15.0 

µm. Thin-film electrolytes prevent direct contact between the cathode and the anode, thus 

enabling the fabrication of the rechargeable thin-film Li/Li-ion batteries of any size and 

on substrate of a variety of shapes. 

 

 

Figure 2.3 Cross-sectional illustration of a rechargeable thin-film lithium battery 

showing the general layout and stacking order of the film components. 
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‣ solid electrolyte/solid electrode interphases 
(SESEI) may lead to an increase of the 
impedance upon cell cycling	


‣ thin solid-state electrolyte films as 
stabilizing interfaces	
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‣ Lithium Phosphorus OxyNitride	


LixPOyNz, x = 2y + 3z − 5 	

J.B. Bates et al., Oak Ridge National Laboratory
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Motivation & goals

‣ modelling of electrolyte and electrolyte/electrode interfaces/interphases is lacking

} understanding battery performance 
and failure modes

• realistic solid electrolyte glassy structure	

• defectivity	

• interfaces with electrodes
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eV. This occurs because the nitridation generates either a linkage or a structural distortion 

in lithium metaphosphates [58]. 
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Figure 3.2.4 Nitrogen incorporation in metaphosphates (MPO3, M=Li, or Na). 

 

 

3.2.2 itrided Lithium Orthophosphates 

Lithium orthophosphates (Li3PO4) have R=3 (or x=0.75 in xLi2O⋅(1-x)P2O5). Because 

lithium orthophosphates form the Q
o
 structure, oxygen atoms do not have bonds between 

PO4
3-

 tetrahedra, Figure 3.2.3. Reculeau et al. indicated that the crystalline Li3PO4 had a 

phase transformation as the temperature was increased: β → γ  at 500
o
C and γ → α at 

1170
o
C [58]. As shown in Figure 3.2.5, β-Li3PO4 has a Wurtzite structure where Li and P 

Nd
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Figure 3.2.1 Chemical bond structure of Li3PO4: (a) Lewis structure and (b) simplified 

structure. As shown in the above figure (right), phosphorus, which forms “sp3 hybrid 

orbitals,” has four covalent σ bonds and one covalent π bond with oxygen. 

 

 

The PO4 tetrahedra are classified by the Qi terminology where ‘i’ represents the number 

of bridging oxygen per tetrahedron [50]. Figure 3.2.2 shows the tetrahedral sites of 

phosphate glasses. The structures of phosphate glasses can be represented by a ratio of 

M2O to P2O5 (R=M2O/P2O5, M=Li, or Na), Figure 3.2.3 [48]. Alternatively, networks of 

phosphate glasses can be represented by a composition ratio: i.e., xM2O⋅(1-x)P2O5. 

Depending on the ratio (R=M2O/P2O5), phosphate glasses are classified as ultraphosphate 

(R<1), metaphosphate (R=1), pyrophosphate (1<R<3), and orthophosphate (R=3), Figure 

3.2.3. 
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The literature indicates that nitrogen atoms have usually been incorporated into either 

metaphosphates or orthophosphates. Here, nitrided lithium metaphosphates and nitrided 

lithium orthophosphates will be discussed. 
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Figure 3.2.2 Tetrahedral sites of phosphate glasses [50]. 
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Figure 3.2.3 Schematic structures as a function of a ratio, R (i.e., R=M2O/P2O5, M=Li, 

or Na) [50]. 
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J. Song, S. Jacke, D. Becker,  R. Hausbrand, W. Jaegermann, Electrochem. Sol. St. Lett. 14,  A11 (2011)

~8×10-3 mbar

‣ RF sputtering of Li3PO4 in N2→LixPOyNz	

!

- bridging O (Ob)	


- non-bridging O (Onb)	

!

- triply coordinated N (Nt)	

- doubly coordinated N (Nd)
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‣ RF sputtering of Li3PO4 in N2→LixPOyNz	

!

- bridging O (Ob)	


- non-bridging O (Onb)	

!

- triply coordinated N (Nt)	

- doubly coordinated N (Nd)

J. Song, S. Jacke, D. Becker,  R. Hausbrand, W. Jaegermann, Electrochem. Sol. St. Lett. 14,  A11 (2011) 	

A. Schwöbel, private communication

~8×10-3 mbar

experimental composition: 	

Li1.2PO2.2N0.9 – non-neutral!	
!
approximant composition(s) needed: 	
!
Li1.25PO2N0.75 (Li5P4O8N3), Li2PO2N, …	
!
➡ effect of the composition on the properties 

of the material (not today)

 Li2O

 P2O5 P3N5

 Li3PO4

 Li4P2O7

 LiPO3



Modelling a glass

P. G. Debenedetti, F. H. Stillinger, Nature 410, 259 (2001)



3 DEVELOPMENT OF EMPIRICAL FORCE FIELDS FOR MIXED NETWORK
FORMER GLASSES

Figure 11: Schematic figure of a crystal (left) and a glass (right) created by using
Zachariasens rules for a composition X2O3. Large green spheres are oxygen atoms, and

small orange spheres are atoms of type X.

onymously with determining the parameters for the mathematical function. Before dis-
cussing the latter some considerations concerning the choice of the functional form shall
be made.

A force field U(r) (for a solid or liquid material) has to consist of at least two parts:
an attractive force to keep the atoms together and a repulsive one to prevent atoms from
overlapping. This will automatically provide a minimum at some distance re which is
close to the equilibrium interatomic distance of that MD system. Typical choices for
either part are power laws (most commonly r−12 and r−6) and exponential functions.
Their combinations already provide the three most often used pair-wise potential forms
[42, 43, 44]:

• Lennard Jones : U(r) = 4�
h°

σ
r

¢12 −
°

σ
r

¢6
i

• Buckingham: U(r) = Aebr − C
r6

• Morse15: U(r) = D
°
e−2a(r−re) − 2e−a(r−re)

¢

A plot of those potentials is shown in Fig. 12 with parameter choices that result in the
same equilibrium distances and binding energies. It is worth noting that by specifying
depth and position of the minimum the Lennard Jones potential is fully determined.
Both the Buckingham and the Morse potential have one more degree of freedom, which
allows for an adjustment of the curvature at the minimum of the potential.

15Often a different form of the Morse potential is given by V (r) = D
“
1− e−a(r−re)

”2
which, except

for a constant D, is equal to the form used here, i.e. U(r) + D = V (r).
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crystal glass

Modelling a glass

P. G. Debenedetti, F. H. Stillinger, Nature 410, 259 (2001)

‣ glasses and crystals share the same connectivity 
within and between local atomic polyhedra 
(Zachariasen’s random network theory)

‣ idea: 	


• (let a code) scan the potential energy landscape 
and identify the most stable structure	


➡ evolutionary algorithm
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(Zachariasen’s random network theory)
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• (let a code) scan the potential energy landscape 
and identify the most stable structure	


➡ evolutionary algorithm	


• introduce disorder (bond lengths/angles) while 
keeping connectivity in place	


➡ simulated annealing
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‣ glasses and crystals share the same connectivity 
within and between local atomic polyhedra 
(Zachariasen’s random network theory)

‣ idea: 	


• (let a code) scan the potential energy landscape 
and identify the most stable structure	


➡ evolutionary algorithm	


• introduce disorder (bond lengths/angles) while 
keeping connectivity in place	
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+

density functional theory
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G 14

metal anode is deposited by a resistive thermal evaporation method since lithium metal 

has a low melting point of 180.5oC [21]. However, because lithium metal is highly 

reactive in air (especially humid air), it should be handled in a dry, inert gas atmosphere 

(argon or nitrogen) in order to avoid possible environmental contamination. For this 

reason, a resistive thermal evaporator is usually built in a glove box. After the glove box 

is filled with either argon or nitrogen, the lithium anode can be carefully handled without 

any environmental contamination. As shown in Figure 2.3, the rechargeable thin-film 

lithium battery has a multi-layer structure with a total thickness typically less than 15.0 

µm. Thin-film electrolytes prevent direct contact between the cathode and the anode, thus 

enabling the fabrication of the rechargeable thin-film Li/Li-ion batteries of any size and 

on substrate of a variety of shapes. 

 

 

Figure 2.3 Cross-sectional illustration of a rechargeable thin-film lithium battery 

showing the general layout and stacking order of the film components. 

 

Li reservoir energy:	
 anode	
 Li 	

	
 	
 cathode	
 LiCoO2



Li5P4O8N3: defects

)J = )HIJ � )TIVJ � R0M · µ0M + U():&1 + )*)

G 14

metal anode is deposited by a resistive thermal evaporation method since lithium metal 

has a low melting point of 180.5oC [21]. However, because lithium metal is highly 

reactive in air (especially humid air), it should be handled in a dry, inert gas atmosphere 

(argon or nitrogen) in order to avoid possible environmental contamination. For this 

reason, a resistive thermal evaporator is usually built in a glove box. After the glove box 

is filled with either argon or nitrogen, the lithium anode can be carefully handled without 

any environmental contamination. As shown in Figure 2.3, the rechargeable thin-film 

lithium battery has a multi-layer structure with a total thickness typically less than 15.0 

µm. Thin-film electrolytes prevent direct contact between the cathode and the anode, thus 

enabling the fabrication of the rechargeable thin-film Li/Li-ion batteries of any size and 

on substrate of a variety of shapes. 

 

 

Figure 2.3 Cross-sectional illustration of a rechargeable thin-film lithium battery 

showing the general layout and stacking order of the film components. 

 

Li reservoir energy:	
 anode	
 Li 	

	
 	
 cathode	
 LiCoO2

LiPON/Li LiPON/LiCoO2



Li5P4O8N3: defects

)J = )HIJ � )TIVJ � R0M · µ0M + U():&1 + )*)

G 14

metal anode is deposited by a resistive thermal evaporation method since lithium metal 

has a low melting point of 180.5oC [21]. However, because lithium metal is highly 

reactive in air (especially humid air), it should be handled in a dry, inert gas atmosphere 

(argon or nitrogen) in order to avoid possible environmental contamination. For this 

reason, a resistive thermal evaporator is usually built in a glove box. After the glove box 

is filled with either argon or nitrogen, the lithium anode can be carefully handled without 

any environmental contamination. As shown in Figure 2.3, the rechargeable thin-film 

lithium battery has a multi-layer structure with a total thickness typically less than 15.0 

µm. Thin-film electrolytes prevent direct contact between the cathode and the anode, thus 

enabling the fabrication of the rechargeable thin-film Li/Li-ion batteries of any size and 

on substrate of a variety of shapes. 

 

 

Figure 2.3 Cross-sectional illustration of a rechargeable thin-film lithium battery 

showing the general layout and stacking order of the film components. 

 

Li reservoir energy:	
 anode	
 Li 	

	
 	
 cathode	
 LiCoO2

charged > neutral	


!
!

LiPON/Li LiPON/LiCoO2

charged > neutral



Li5P4O8N3: defects

)J = )HIJ � )TIVJ � R0M · µ0M + U():&1 + )*)

G 14

metal anode is deposited by a resistive thermal evaporation method since lithium metal 

has a low melting point of 180.5oC [21]. However, because lithium metal is highly 

reactive in air (especially humid air), it should be handled in a dry, inert gas atmosphere 

(argon or nitrogen) in order to avoid possible environmental contamination. For this 

reason, a resistive thermal evaporator is usually built in a glove box. After the glove box 

is filled with either argon or nitrogen, the lithium anode can be carefully handled without 

any environmental contamination. As shown in Figure 2.3, the rechargeable thin-film 

lithium battery has a multi-layer structure with a total thickness typically less than 15.0 

µm. Thin-film electrolytes prevent direct contact between the cathode and the anode, thus 

enabling the fabrication of the rechargeable thin-film Li/Li-ion batteries of any size and 

on substrate of a variety of shapes. 

 

 

Figure 2.3 Cross-sectional illustration of a rechargeable thin-film lithium battery 

showing the general layout and stacking order of the film components. 

 

Li reservoir energy:	
 anode	
 Li 	

	
 	
 cathode	
 LiCoO2

charged > neutral	


vacancies	


!

LiPON/Li LiPON/LiCoO2

charged > neutral 	


interstitials



Li5P4O8N3: defects

)J = )HIJ � )TIVJ � R0M · µ0M + U():&1 + )*)

charged > neutral 	


interstitials	


Ef (ILi) < 0 	

⇒ reactive interface	


(cf. René Hausbrand)

G 14

metal anode is deposited by a resistive thermal evaporation method since lithium metal 

has a low melting point of 180.5oC [21]. However, because lithium metal is highly 

reactive in air (especially humid air), it should be handled in a dry, inert gas atmosphere 

(argon or nitrogen) in order to avoid possible environmental contamination. For this 

reason, a resistive thermal evaporator is usually built in a glove box. After the glove box 

is filled with either argon or nitrogen, the lithium anode can be carefully handled without 

any environmental contamination. As shown in Figure 2.3, the rechargeable thin-film 

lithium battery has a multi-layer structure with a total thickness typically less than 15.0 

µm. Thin-film electrolytes prevent direct contact between the cathode and the anode, thus 

enabling the fabrication of the rechargeable thin-film Li/Li-ion batteries of any size and 

on substrate of a variety of shapes. 

 

 

Figure 2.3 Cross-sectional illustration of a rechargeable thin-film lithium battery 

showing the general layout and stacking order of the film components. 

 

Li reservoir energy:	
 anode	
 Li 	

	
 	
 cathode	
 LiCoO2

charged > neutral	


vacancies	


!

LiPON/Li LiPON/LiCoO2



Interface with LiCoO2 (0001)
… …

Li

P

O

N

Co



−6meV/Å2

S. Jacke, J. Song, G. Cherkashinin, L. Dimesso, W. Jaegermann, Ionics 16, 769 (2010)

… … … … … …

Li

P

O

N

Co

+

Interface with LiCoO2 (0001)

‣ at the interface:	

- minor structural relaxation	

- negligible adhesion energy	

- DOS dominated by LiCoO2	

!

consistent with experiments



−6meV/Å2

S. Jacke, J. Song, G. Cherkashinin, L. Dimesso, W. Jaegermann, Ionics 16, 769 (2010)

… … … … … …

Li

P

O

N

Co

+

Interface with LiCoO2 (0001)

‣ at the interface:	

- minor structural relaxation	

- negligible adhesion energy	

- DOS dominated by LiCoO2	

!

consistent with experiments

‣ outlook:	

- LiPON/Li1-xCoO2 interface	

- LiPON/Li interface	

- Li+ diffusion barriers at interfaces
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